The total maximum daily load ͑TMDL͒ concept provides the basis for regulating pollution load from riverine sources to impaired water bodies. However, load is comprised of two components: flow and concentration. These two components may have confounding, or even conflicting, effects on waterbody attributes of concern. This is particularly the case for dynamic, advective systems, such as estuaries. Resolving these components is critical for properly predicting the response of impaired systems to watershed management actions. The Neuse River Estuary in North Carolina is an example of such an impaired system. Nitrogen has been identified as the pollutant of concern, and the process of developing a TMDL for nitrogen is underway. We, therefore, analyze the extensive data that have been collected for the Neuse River and estuary to investigate spatiotemporal relationships between river flow, riverine total nitrogen ͑TN͒ inputs, water temperature, dissolved inorganic nitrogen concentration, algal density, and primary productivity. Results support the belief that phytoplankton in the estuary are under substantial riverine control. However, the riverine TN concentration alone has only a minor role in determining estuarine chlorophyll a គ concentration. River flow has a stronger influence, likely through its effects on down-estuary nitrogen delivery, residence time, salinity, and turbidity. These results imply that using riverine nitrogen load as the metric to evaluate watershed nutrient management may not be appropriate. While nitrogen controls should reduce loads in the long term, in the short term, river flow is the dominant component of load and has the opposite effect of nitrogen on algae at the up-estuary locations.
Introduction
Eutrophication, in the form of excessive algal growth, is a serious problem in many estuaries and coastal zones ͑Nixon 1995͒. In addition to aesthetic concerns related to nuisance blooms, the enhanced production of algal biomass can have severe ecosystem impacts, including the promotion of bottom-water hypoxia and the suppression of submerged aquatic plants ͑Cloern 2001͒. Though there is some evidence to suggest that the factors limiting algal growth vary by season ͑Conley 2000͒, it seems clear that nitrogen availability can be an important limiting factor of phytoplankton growth in estuarine and coastal systems ͑Nixon 1995; Howarth et al. 2000͒ . Thus to control eutrophication and its consequences, many coastal states are considering watershed management actions intended to reduce riverine nitrogen inputs ͑North Carolina Division of Water Quality 2001͒. In some cases, these actions are mandated under the federal total maximum daily load ͑TMDL͒ program ͑NRC 2001͒.
While riverine load has been shown to be the proper metric for relating phosphorus inputs to the trophic state of lakes ͑Vollen-weider 1976͒, the situation is not so clear for relating nitrogen inputs to eutrophication of estuaries. Although nitrogen has been shown to limit the growth of estuarine phytoplankton in algal cultures and mesocosms ͑Hecky and Kilham 1988͒, nitrogen loading rate alone has been found to be a poor predictor of algal biomass or primary production in natural systems ͑Hecky and Kilham 1988; Cloern 2001͒ . This is probably because a number of factors in addition to nitrogen inputs regulate productivity in estuaries, including residence time, tides, temperature, wind, geomorphology, hydrology, and light availability. These factors obfuscate the direct identification of nutrient load-phytoplankton relationships. Additionally, there are few long-term data sets available of sufficient spatial and temporal resolution to quantify the separate effects of these controlling factors.
The Neuse River Estuary in North Carolina is a typical example of a eutrophic coastal system ͑Fig. 1͒. The estuary has been experiencing characteristic symptoms of nutrient overload including excessive algal blooms, low levels of dissolved oxygen, and large fish kills ͑Paerl et al. 1998͒. These problems have been attributed to the high nitrogen loading that generally results from the kinds of changes that have occurred in the watershed over the past several decades ͑McMahon and Woodside 1997͒. prosperity and rapid population growth since the 1970s. Population expansion and development are also occurring in lower portions of the basin with an increasing coastal population and a growing commercial animal-farming industry. Treated municipal wastewater, urban runoff, confined animal feeding operations, agricultural fertilizers, and atmospheric deposition are considered to be important nitrogen sources in the Neuse watershed.
Repeated violation of the North Carolina 40 g/L chlorophyll a គ standard have put the Neuse River Estuary on the federal 303͑d͒ list of impaired waters, thus requiring the development of a nitrogen TMDL. However, to date, a consistent predictive relationship between nitrogen inputs and algal biomass in this system has not been demonstrated. Evidence to support the role of nitrogen as a controlling factor for algal growth includes: ͑1͒ Temporal ''tracking'' of productivity and biomass with hydrology and associated nitrogen loading ͑Mallin et al. 1991; Rudek et al. 1991; Mallin et al. 1993; Paerl et al. 1995; Paerl et al. 1998͒ ; ͑2͒ Observed correlations among flow, salinity, in situ nitrate concentration, biomass, and production ͑Mallin et al. 1991; Mallin et al. 1993; Pinckney et al. 1997͒ ; and ͑3͒ Demonstration of nitrogen limitation potential in laboratory and in situ bioassays ͑Rudek et al. 1991; Paerl et al. 1995͒ . While these studies demonstrate the potential of a nitrogen reduction to control phytoplankton growth, they are not a direct demonstration of a spatiotemporal relationship between river borne nitrogen inputs and algal productivity and biomass.
We develop predictive relationships between river flow, riverine total nitrogen ͑TN͒ inputs, water temperature, dissolved inorganic nitrogen ͑DIN͒ concentration, algal biomass, and primary productivity using the extensive data that have been collected for the Neuse River and estuary. Our purpose is to provide insight into the relative importance of several natural and anthropogenic factors that may control phytoplankton growth in estuaries. We are not concerned here with formal tests of statistical significance or temporal trends. Rather, we wish to use the results of empirical analysis to develop a conceptual model that explains the assorted, and sometimes apparently conflicting, results of previous studies. Additionally, quantitative model predictions should help managers to decide the extent of future nitrogen controls necessary to meet water quality objectives ͑Borsuk et al. 2003͒.
Materials and Methods

Study Site and Data Description
For this analysis, the Neuse River Estuary has been divided longitudinally into five sections based on hydrological and water quality characteristics ͑Fig. 2͒. The uppermost section, from the head of the estuary to just upstream of New Bern is freshwaterdominated, with the highest nutrient concentrations in the estuary but, generally, the lowest algal densities ͑Christian et al. 1991͒. The section of the estuary immediately downstream of New Bern is also oligohaline, with significant riverine flushing but much higher algal densities. This section is considered eutrophic and has experienced numerous phytoplankton blooms resulting in repeated chlorophyll standard violations ͑Paerl 1987͒. The middle estuary is much wider and generally deeper than the upper estuary. Although nutrient concentrations are lower, this mesohaline section is also in violation of the chlorophyll standard and has been the location of numerous fishkills due to hypoxic bottom water ͑Paerl et al. 1998͒. Near the bend in the estuary, nutrient concentrations decrease but chlorophyll standard violations continue to regularly occur. Below the perpendicular bend to the northeast, the estuary widens further and salinity increases. Algal densities in this section are lower and dominated by centric diatoms, dinoflagellates, and cryptomonads ͑Mallin 1994͒. Chlorophyll standard violations in this section are much less frequent.
Ambient physical and chemical data used in this study were collected as part of the coordinated modeling and monitoring ͑ModMon͒ effort by researchers at the Institute of Marine Sciences ͑IMS͒ of the University of North Carolina at Chapel Hill, the Weyerhaeuser Corporation ͑WEY͒, and the State of North Carolina Division of Water Quality ͑DWQ͒. Sampling dates and locations have been coordinated among these groups since 1997 to cover 11 midchannel stations at approximately weekly intervals. Additionally, the IMS has independently collected samples biweekly at six of the locations since 1994. Chlorophyll and nutrient data were not available from the DWQ for the current study. Sample collection methods differed slightly between the remaining two groups. The IMS collected surface grab samples while the WEY collected samples at 1 m below the surface. These differences in collection methods were accounted for in the present study as described in the next section. Sample handling and analysis methods were identical for the two groups and are described by Pinckney et al. ͑1998͒ .
Primary productivity determinations were made using the 14 C method, adapted for in situ estuarine conditions. Incubations were conducted midday for 3 to 4 h in an outdoor pond system under natural light and temperature conditions, using a light field simulator mimicking variable light regimes experienced in the Neuse River Estuary water column ͑Mallin and Paerl 1992͒. These incubations were designed to incorporate the effects of both mixing-induced and cloud-induced irradiance variations ͑Mallin and Paerl 1994͒. Additional details on the method of productivity measurement can be found in Paerl et al. ͑1998͒ . Measurements of productivity began in 1996.
Riverine nitrogen concentration data were provided by the North Carolina Division of Water Quality ͑DWQ͒, and flow data were provided by the United States Geological Survey ͑USGS͒. The most downstream flow monitoring station at Fort Barnwell is approximately 20 km above the most upstream estuarine water quality station. At this location, the river drains approximately 96% of the watershed area that drains to the head of the estuary. Daily measurement of flow and monthly measurement of nutrient concentration began at this location prior to 1979, with daily measurement of nutrients beginning in June 1996. Nitrogen data are from surface samples following standard collection and analytical protocol ͑North Carolina Department of Environment and Natural Resources 1996͒.
We did not consider flow and nutrient inputs from minor tributaries draining directly to the estuary. These drain only 3.9% of the total watershed area ͑Bowen and Hieronymous 2000͒ and are not as frequently monitored as the mainstem. Direct groundwater inputs to the estuary are also not routinely monitored but can be expected to be relatively minor ͑Alperin et al. 2000͒, especially given the small watershed sizes at this location.
Empirical Model Development
To quantify the factors controlling downstream nitrogen delivery, we developed a regression model relating DIN concentration in each of the five sections of the estuary ͑see Fig. 2͒ to estuarine water temperature and incoming Neuse River flow and TN concentration. To satisfy the standard distributional assumptions of regression analysis, measurements of DIN were square-root transformed and measurements of river flow were log-transformed. To account for the appreciable distance between the river gauging station and the estuarine sampling stations, we used timeaveraged values for river flow and riverine TN. Based on calculated residence times ͑Christian et al. 1991͒ and previous data analyses ͑Mallin et al. 1993͒, mean daily flow and concentration were calculated for the two-day, four-day, one-week, two-week, and one-month period preceding DIN measurements in the River, Upper, Middle, Bend, and Lower sections, respectively. Graphical data analysis revealed that the relationship between flow rate and DIN was not monotonic for most sections. Therefore a piecewise linear relationship ͑Judge et al. 1985͒ was used ͑after the transformations͒ with a single breakpoint that differed by section. The effect of riverine TN on estuarine DIN was assumed to be linear for each section ͑after the square-root transformation of DIN͒. Missing values for daily flow were estimated using flow models and measurements from upstream locations, and missing values for riverine TN were estimated from historical flow-concentration relationships ͑Stow and Borsuk 2003͒. Due to the sample collection differences between the two institutions, an index variable was included for each DIN measurement to indicate whether the sample was collected by the Weyerhaeuser Corporation. A temperature variable was defined as the deviation of the surface water temperature from 20°C and was assumed to have a linear effect on square-root transformed DIN. The model intercept term and flow and TN effects were allowed to differ by estuary section, while the temperature and sample collection effects were held constant across sections. The full DIN model is then written as
where ␣ 0,s ϭintercept term allowed to differ by estuary section; ␣ wey ϭadditive term for samples collected by Weyerhaeuser Corporation, flow represents time-averaged river flow ͑m 3 d Ϫ1 ͒; sec ϭbreakpoint of the flow relationship for each section; ␣ 1,sec and ␣ 2,sec ϭslopes of the flow relationship below and above the breakpoint, respectively, for each section; I( * )ϭindicator function with a value of 1 if * is true and 0 otherwise; T represents measured water temperature ͑°C͒; ␣ T ϭtemperature coefficient; TN represents time-averaged total nitrogen concentration of river inflow ͑m 3 d Ϫ1 ͒; ␣ TN,sec ϭtotal nitrogen coefficient for each section; and DIN ϭnormally distributed error term with mean 0 and variance DIN 2 . To predict algal density, we developed a regression model similar to that used for DIN, but with measured chlorophyll a គ concentration as the response variable. Exploratory data analysis indicated that the distributions of chlorophyll concentration for individual sampling stations within each section were not statistically discernible, thus supporting the aggregation into five sections. Satisfying the distributional assumptions of regression in this case required a natural log-transformation of chlorophyll. Otherwise, the model form was identical to that used for DIN, and can be written as ln͑chl͒ϭ␤ 0,sec ϩ␤ wey ϩ␤ 1,sec ͕ln͑flow͒Ϫ sec ͖ ϫI͕ln͑flow͒Ͻ sec ͖ϩ␤ 2,sec ͕ln͑flow͒Ϫ sec ͖
where ␤ 0,sec ϭintercept term, again allowed to differ by estuary section; ␤ wey ϭadditive term for Weyerhaeuser samples; sec ϭbreakpoint of the flow relationship for each section; ␤ 1,sec and ␤ 2,sec ϭslopes of the flow relationship below and above the breakpoint, respectively, for each section; ␤ T ϭtemperature coefficient; ␤ TN,sec ϭnitrogen coefficient for each section; and chl ϭnormally distributed error term with mean 0 and variance chl 2 . By writing temperature as the deviation from 20°C, the parameter ␤ T can be interpreted in this model as ln(), where is a multiplicative Arrhenius-type temperature adjustment coefficient ͑Bowie et al. 1985͒. Parameters of both the DIN and chlorophyll model were estimated using ordinary least-squares regression. Because of our interest in using available data to quantify the effects of factors believed to control phytoplankton in estuaries, and not to test specific hypotheses, we report the estimated values of all parameters, together with their standard errors, rather than only those parameters deemed statistically significant according to p values.
Primary productivity in the Neuse Estuary is dominated by pelagic, rather than benthic, production ͑Christian et al. ͒, and an index variable indicating whether a sample was collected at a River station ͑see Fig. 2͒ . The best predictive model that resulted can be written as
where Tϭwater temperature ͑°C͒ and river equals 1 for samples collected in the most upstream section of the estuary and 0 otherwise. Similarly to the chlorophyll model, the temperature term in the productivity model was written as the deviation from 20°C so that the parameter ␥ T can be interpreted in terms of an Arrhenius-type coefficient.
Results
Neuse River flow and TN concentration are highly variable ͑Fig. 3͒. Hurricanes Fran ͑September 1996͒ and Floyd ͑September 1999͒ are clearly visible in the flow record, but are not accompanied by significant changes in TN. TN ranges from 0.5 to Ͼ3.0 mg/L and is generally negatively correlated with flow, with additional variability. A slight decrease in TN over the study period is visually apparent, consistent with the results of previous analyses ͑Qian et al. 2000; Lebo et al. 2001; Stow and Borsuk 2003͒ . Surface water temperature shows a regular seasonal cycle ranging from below 5°C in winter to above 30°C in summer. The differences in temperature between estuarine stations were minor ͑not shown͒. Turbidity and salinity at midestuarine surface locations are substantially correlated with river flow ͑Fig. 4͒. While these factors may exert an influence on algal growth independent of flow effects, we did not include them as separate predictor variables in our model. This decision was made because of the limited available measurements of turbidity and because of the strong observed correlations with flow. Therefore estimated flow effects will include the effects of salinity and turbidity changes, and the separate effects of these three variables will not be resolved.
Parameter values for the nitrogen delivery model ͑Table 1͒ indicate a positive relationship between riverine TN and estuarine DIN concentration for all sections, with the strongest relationship in the Upper section. In the downstream sections, the parameter estimates have a large uncertainty, as indicated by the high standard errors, implying that the values are not statistically distinguishable from zero. In the three upstream sections, increased river flow generally exerts a positive effect on DIN for flow values below an intermediate breakpoint and a negative effect above this value ͑Fig. 5͒. In the two downstream sections, this pattern is reversed, with a negative, albeit weak, relationship at low flow values and a positive, stronger relationship at higher flows. The maximum DIN concentration occurs at a successively higher flow rate for each section moving downstream. The collection methods employed by Weyerhaeuser Corporation apparently led to higher DIN values than those employed by IMS, as indicated by the positive coefficient on the institutional dummy variable, ␣ wey . Fig. 3 . Time series plots of the predictor variables used in the nitrogen and chlorophyll models. Flow and total nitrogen measurements are from the river monitoring station at Fort Barnwell, approximately 20 km upstream of the most upstream sampling station in Fig. 2 . Water temperature measurements are from a sampling station in the middle section of the estuary. Site-specific temperature data were used to predict DIN and chlorophyll at each station. breakpoint but with lowered chlorophyll as flow increases above this value. The maximum chlorophyll concentration, as with DIN, occurs at a successively higher flow rate for each section moving downstream ͑see Fig. 6͒ . The Weyerhaeuser collection methods also apparently led to higher chlorophyll values, as indicated by the positive value of ␤ wey . The temperature coefficient, ␤ T , is positive in this case, indicating generally higher algal densities at higher temperatures. The regression equation resolves approximately 55% of the variation in the natural log-transformed chlorophyll concentration.
Regression results for the productivity model confirm the strong relationship between productivity and biomass, as well as indicating a significant positive temperature effect ͑Table 3͒. The negative value of the coefficient on the River dummy variable implies that, for a given water temperature and algal density, productivity is lower in the river section than in the other sections.
Using the combined results of the models represented by Eqs. ͑2͒ and ͑5͒, we generated daily predictions of algal productivity in each of the five sections using data on river flow, riverine TN concentration, and water temperature. These were then plotted as a time series against measured productivity for visual comparison ͑Fig. 7͒. Productivity is highly variable, however the model predictions appear to generally go through the middle of the data, capturing both short and long term components of variation. The model fits the data less well in the River section than the other four sections, particularly in 1997 when a stronger seasonal signal is present in the data than in the predictions. However, in the sections of greater water quality concern, where algal density and productivity are higher, the model fits the data much better.
Discussion
Hydrologic and chemical characteristics at the mouth of the Neuse River set the initial conditions for the distribution of nitrogen and chlorophyll in the estuary. Concentration patterns throughout the estuary are then the result of a number of physical, chemical, and biological processes. Rather than explicitly model all of these processes, our approach has been to model the net result as revealed by the observed data ͑Fig. 8͒. This has led to some important findings of relevance to eutrophication manage- Fig. 7 . Time series plot of predictions ͑lines͒ and observations ͑points͒ of primary productivity for each estuary section ͑both on a log scale͒. Measurements of productivity did not begin in the Lower section until mid-1997. This suggests the potential importance of nonriverine sources of nitrogen, including direct atmospheric deposition, sediment recycling, groundwater inflow, and direct discharge to the estuary, especially in the mesohaline sections. DIN concentration decreases in all sections with increased temperature, probably as a result of increased removal by faster-growing phytoplankton. It is also likely that benthic denitrification is occurring in this section ͑Alperin et al. 2000͒, a nitrogen removal mechanism that would also be expected to increase with temperature. Model results suggest that at high flows, additional dilution of DIN may occur between the most downstream river station at Fort Barnwell and the uppermost estuarine section, as indicated by the negative relationship between DIN and flow in the River section ͑Fig. 5͒. Down-estuary, the positive relationship between DIN and flow suggests increased delivery from upstream sections as the flushing rate exceeds the rate of removal by biological processes. This increased delivery occurs in the Upper and Middle sections as long as flow increases, until these sections themselves are also flushed at the highest flows. The Bend and Lower sections continue to experience increased delivery as long as flow increases. This effect has been shown to continue out into Pamlico Sound during the highest flows associated with recent hurricanes ͑Paerl et al. 2001͒ .
The net result of TN and flow effects that differ by location is a longitudinal pattern in estuarine DIN that is very different under different river conditions ͑Fig. 9͒. At low flows, DIN is depleted in the upper estuary where planktonic uptake of nitrogen is generally most active ͑Boyer et al. 1994͒. However, at higher flows, DIN remains elevated throughout the estuary due to increased delivery rates. Increased riverine input of TN under either flow scenario increases DIN up-estuary, but does not effect downestuary concentration, suggesting higher rates of removal. This result also indicates that flow, rather than TN input, is the primary determinant of DIN delivery to Pamlico Sound.
Algal density in the estuary appears to be stimulated by riverine TN inputs, as indicated by the positive estimated values for the TN coefficient, ␤ N ͑Table 2͒. This relationship is slightly stronger in the lower sections to which nitrogen is otherwise not normally delivered and is, therefore, likely to be a limiting factor for algal growth ͑Qian et al. 2000͒. However, the standard errors ͑Table 2͒ indicate that the TN coefficient is not statistically distinguishable from zero for most of the estuary sections. High standard errors often result when two or more predictor variables are correlated, as are flow and nitrogen load in this case. While this effect does not influence prediction, it can make distinguishing the individual effects of predictor variables difficult. This difficulty can be reduced by forcing the predictor variables to vary more independently. This should be accomplished through the reduction of nitrogen inputs to the river as a consequence of TMDL implementation. Thus, future monitoring and model updating will help to isolate the individual effects of flow and nitrogen on chlorophyll levels, thereby refining model parameter estimates.
Positive values for the chlorophyll intercept term in all sections below the river section indicate that algal growth can be sustained under typical flow and temperature conditions even at low nitrogen river inputs. This result further supports the importance of nonriverine sources of nitrogen suggested above. The estimated value of ␤ T corresponds to an Arrhenius coefficient of exp(0.027), or 1.027, and represents the net effect of temperature on the many processes related to algal growth and death. The negative relationship between chlorophyll and flow in the upper two sections ͑Fig. 6͒ may be due to shortened residence times, lowered salinity, and increased turbidity ͑Fig. 8͒. These may also be the cause of diminished algal density in the downestuary sections at the highest flows. However, at intermediate flows, chlorophyll concentration peaks in these sections, possibly as the result of increased nitrogen delivery from upstream sections at intermediate flows ͑Fig. 5͒ and a flushing effect at higher flows. The fact that the maximum occurs at successively higher flow rates down-estuary supports this delivery versus flushing hypothesis. Similar findings have been reported by Lebo et al. ͑2001͒ , who place greater emphasis on the position of the salinity gradient in determining the biologically active zone.
Whether caused by salinity, residence time, or turbidity changes, longitudinal chlorophyll patterns differ substantially with changing river conditions ͑Fig. 10͒. Under low flow conditions, a chlorophyll maximum occurs in the middle section of the estuary, coincident with the near-complete depletion of DIN ͑Fig. 9͒. However, high flows increase flushing rates in exceedance of algal growth rates, so that the chlorophyll concentration is still increasing with distance, even in the lower section ͑Fig. 10͒. High TN inputs are coincident with a greater downstream increase in chlorophyll under both low and high flow conditions, consistent with the greater downstream removal rates of DIN mentioned above.
Results of the productivity model are generally consistent with the findings of other authors. The negative value of the coefficient on the River dummy variable is consistent with the findings of Boyer et al. ͑1993͒ who found a significantly lower intercept value for olighaline locations. This may be due to enhanced light extinction or a difference in the composition of the algal community. Unlike Mallin et al. ͑1991͒, we did not find any nutrient concentration terms to be significant predictors of productivity, after accounting for biomass. This result suggests that while biomass may be nitrogen-limited, primary production, apparently, is not-an interpretation consistent with the conclusions of Heip et al. ͑1995͒ in their comprehensive review. Alternatively, our results may reflect the choice of a temporal model aggregation that more closely matches the longer integration times represented by biomass measurements. The estimated value of ␥ T corresponds to an Arrhenius coefficient of exp(0.049), or 1.047, which is consistent with previously reported values for algal growth processes ͑Bowie et al. 1985͒.
The combination of results discussed above reconciles and refines a number of earlier findings regarding nutrients and phytoplankton in the Neuse River Estuary. Bioassays conducted by Rudek et al. ͑1991͒ at the mouth of the estuary suggest that algal growth is controlled by the availability of nitrogen. The authors conclude that the temporal ''tracking'' they observe between high river flow and down-estuary primary production is the result of the high nitrogen loading that occurs under high runoff conditions. This high nitrogen load, they suggest, ''oversaturates'' the upper estuarine filtering capacity, leading to increased downstream DIN delivery. Similarly, Mallin et al. ͑1991͒ concluded from correlation analyses that rainfall and runoff increase productivity down-estuary by increasing nitrogen loading. This conclusion is reiterated by Mallin et al. ͑1993͒ who submitted that high runoff ''concentrates and magnifies river nitrogen loading...thus forcing the significant estuarine productivity increases downstream.'' While high river discharge does, indeed, lead to high nitrogen loading, this occurs because of the increased flow rate, not an increase in nitrogen concentration ͑Stow and Borsuk 2003͒. In fact, high flow conditions are associated with decreased DIN concentrations in the river ͑Stow et al. 2001͒ and upper estuary ͑Fig. 5͒. This observation implies that the positive relationship between riverine nitrogen loading and downstream DIN delivery and algal production reported by other researchers is caused by reduced water residence times in the upper estuary, not nitrogen oversaturation.
This distinction is an important one when extending the results of downstream studies to the middle section where the symptoms of eutrophication are of most concern. The oversaturation hypothesis implies that high flow ͑load͒ conditions will lead to high algal biomass and productivity, as phytoplankton grow in nitrogen-rich conditions. This implication was examined by Paerl et al. ͑1998͒ , and the results were equivocal. While parallel time series plots suggested that primary production and chlorophyll peaks closely followed periods of elevated spring and summer discharge, this was not always the case, especially when discharge was extremely high. Considering our results ͑Fig. 6͒, the lack of definitive correlations in the Paerl et al. study should not be surprising, especially since their analyses used productivity values that were spatially-averaged over our River, Upper, Middle, and Bend sections. We found a distinct, and often nonmonotonic, relationship between flow and phytoplankton in each of these four sections. These relationships imply that, at least for the uppermost estuary sections, times of high flow/load diminish, rather than enhance, algal density by reducing residence times and available DIN ͑Fig. 8͒. Only in the Middle and more downstream estuary sections does flow have a stimulatory effect on phytoplankton by enhancing nitrogen delivery. However, even in the down-estuary sec- tions, the highest flows continue to have a flushing effect on algae ͑Fig. 6͒.
The confounding influence of river flow and nitrogen concentration on phytoplankton density observed in the Neuse can be expected to occur in other estuaries as well. Using a similar approach to that presented here, Boynton and Kemp ͑2000͒ demonstrated that a large percentage ͑78%͒ of the interannual variability in algal biomass in the Chesapeake Bay could be explained by river flow alone. Only by employing interestuary data could they detect a significant relationship between estuarine chlorophyll a គ concentration and nitrogen loading rate. In another interestuarine comparison, Dettman ͑2001͒ showed that the amount of nitrogen exported from ͑and therefore not biologically processed in͒ an estuary is more strongly associated with freshwater residence time than with nitrogen supply rate. Together with our results, these findings suggest that the idea of managing estuarine water quality through the determination of a maximum allowable load of nutrients is an oversimplification. The complex dynamics of estuaries require that attention be given to the interplay of flow and concentration effects.
Conclusions
In the present study, we used a short-term empirical analysis to find that riverine TN concentration has only a minor role in determining estuarine chlorophyll a គ concentration. River flow has a stronger influence, likely through its effects on down-estuary nitrogen delivery, residence time, salinity, and turbidity. These flow effects result in a coincidence of high TN load and low algal density in the estuarine sections of greatest concern. However, this result does not necessarily imply that watershed management actions aimed at reducing nitrogen load will not have a beneficial effect. In fact, controlling nitrogen inputs is likely to be the only feasible management option, and, by distinguishing riverine nitrogen concentration from load in our model, we have been able to estimate the effect of such actions. Results show that for a given flow, lower riverine TN can, indeed, be expected to lead to lower chlorophyll ͑Fig. 10͒. However, because we have not explicitly considered the effects of secondary factors, such as turbidity and salinity, caution must be used when applying the model to predict a future state for which the simplifying assumptions may not be valid.
While not necessarily having different management implications, the observed coincidence of high nitrogen load and low algal density at upstream locations does imply that, at least on subannual time scales, load is not the proper metric for evaluating the success of nutrient management. While nitrogen controls may lead to reduced loads in the long-term, in the short-term river flow is the dominant component of load and, by diluting nitrogen and reducing residence times, has the opposite effect of nitrogen on phytoplankton in the up-estuary sections. Flow-adjusted concentration ͑Stow et al. 2001͒ may be the more appropriate metric for measuring the effects of nitrogen management because the effect of flow can be held constant across time to assess long-term trends. Such an analysis has shown that the Neuse River watershed may be experiencing the effects of preliminary nitrogen management actions that have been partially masked in recent years by the effects of high rainfall and runoff ͑Stow and Borsuk 2003͒.
